We previously reported that a urate-null strain of Drosophila is hypersensitive to cigarette smoke (CS), and we suggested that CS induces oxidative stress in Drosophila because uric acid is a potent antioxidant. Although the carcinogenic risk of CS exposure is widely recognized; documentation of in vivo genotoxic activity of environmental CS, especially gaseous-phase CS, remains inconclusive. To date, somatic-cell mutations in Drosophila resulting from exposure to CS have not been detected via the somatic mutation and recombination test (wing spot test) with wild-type flies, a widely used Drosophila assay for the detection of somatic-cell mutation; moreover, genotoxicity has not been documented via a DNA repair test that involves DNA repair-deficient Drosophila. In this study, we used a new Drosophila strain (y v ma-l; mwh) to examine the mutagenicity induced by gaseous-phase CS; these flies are urate-null due to a mutation in ma-l, and they are heterozygous for multiple wing hair (mwh), a mutation that functions as a marker for somatic-cell mutation. In an assay with this newly developed strain, a superoxide anion-producing weed-killer, paraquat, exhibited significant mutagenicity; in contrast, paraquat was hardly mutagenic with a wild-type strain. Drosophila larvae were exposed to CS for 2, 4 or 6 h, and then kept at 25°C on instant medium until adulthood. After eclosion, mutant spots, which consisted of mutant hairs on wings, were scored. The number of mutant spots increased significantly in an exposure time-dependent manner in the urate-null females (ma-l (−/−)), but not in the urate-positive females (ma-l (+/−)). In this study, we showed that short-term exposure to CS was mutagenic in this in vivo system. In addition, we obtained suggestive data regarding reactive oxygen species production in larva after CS exposure using the fluorescence probe H 2 DCFDA. These results suggest that oxidative damage, which might be countered by uric acid, was partly responsible for induction of somatic cell mutations in Drosophila larvae exposed to CS.
Introduction
Smoking greatly increases the risk of developing many lifestyle-and age-related diseases, including various cancers (1) . Passive smoking, secondhand exposure to cigarette smoke (CS), is also thought to be a factor that increases the risk of many diseases (2) . The mutagenicity of tobacco smoke has been and is still widely investigated in various to Drosophila larvae when larvae are exposed to CS for 4-6 h, and that the growth of offspring from a parent exposed to CS at larval stage is suppressed in urate-null Drosophila (7) . However, we did not detect CS mutagenicity via the wing spot test with wild-type or DNA repair-deficient Drosophila.
Uric acid is considered as an important antioxidant in vivo, even in human; notably, the concentration of uric acid in human plasma is estimated to be about 300 µM (8, 9) . Interestingly, in our previous study, urate level increases following exposure to CS in wild-type flies; moreover, levels of two urate precursors, hypoxanthine and xanthine, increase in urate-null Drosophila following environmental CS exposure (10) . These increases may be a physiological response that protects larva from oxidative stress. Based on these results, we reasoned that the genotoxicity of CS could be detected in a urate-null strain; consequently, we developed a new urate-null fly strain with the cell-autonomous marker, mwh, to detect somatic-cell mutation.
Using this new fly strain, we performed the Drosophila wing spot test, and we detected somatic-cell mutations induced by exposure to CS. Oxidative stress plays important roles in the biological effects of CS (11) (12) (13) . To detect reactive oxygen species (ROS) in living organisms, researchers often use fluorescence probes such as 2′,7′-dichlorodihydrofluorescein diacetate (H 2 DCFDA); this particular probe is converted to a fluorescence compound, 2′,7′-dichlorofluorescein (DCF), by ROS-induced oxidation inside cells (14, 15) . Using this probe, we examined ROS production in larvae exposed to CS.
Materials and Methods

Drosophila strains
To generate this new fly strain, we used y v ma-l (urate-null) flies, which carry the mutant allele ma-l on the X chromosome; these flies lack xanthine dehydrogenase activity and consequently do not produce uric acid (16) . We also used mwh flies that carry a mutant allele of the mwh gene on the third chromosome; mwh is a marker that can be used to detect somatic-cell mutations (17) . We used another strain Muller-5; CyO/Pm; Sb/Ubx which carries dominant markers to identify the X (Bar), the second (CyO, Pm) and the third (Sb, Ubx) chromosomes. Wild-type Oregon-R and y v ma-l strains were kindly provided by Dr H. Ryo (Osaka University). The mwh strain was a gift from Dr K. Kawai (University of Occupational and Environmental Health), and the Muller-5; CyO/Pm; Sb/Ubx strain was from Dr T. Ayaki (Nagasaki University). The gene symbols used are as described by Lindsley and Zimm (18) . From crosses between y v ma-l, Muller-5; CyO/Pm; Sb/Ubx and mwh, we obtained flies (y v ma-l; mwh) that appeared to carry ma-l on the X chromosome and mwh on the third chromosome. We confirmed y v ma-l; mwh strain by the phenotype, that is, yellowish body colour, lack of uric acid and sensitivity to X-ray. To examine the sensitivity to X-ray, the third instar larvae of each strain were irradiated with 10, 15, 20 or 25 Gy of X-ray in petridish with 0.25 M sucrose.
Wing spot test
The Drosophila wing spot test was performed to detect somaticcell mutations according to the methods established by Graf et al. (17) with slight modification. To obtain third instar larvae, virgin females of the genotype y v ma-l; mwh were crossed with males that were either wild-type (Oregon-R) or y v ma-l. Third instar F1 larvae then were exposed to CS for 2, 4 or 6 h in an incubator kept at 25°C as shown in Figure 1 and according to the methods described previously (7, 10) . Larvae (about 1.2 ml volume) were put into plastic boxes that contained 3 ml of 0.25 M sucrose solution. The area of base of a plastic box was around 35 cm 2 and depth of sucrose solution was less than 1 mm. Although larvae were put in the sucrose solution during exposure, they should take gaseous smoke as larvae reach out their spiracles on the surface of sucrose solution to breathe. For every 20 min, three burned-out cigarettes were replaced with three new burning cigarettes. Cigarettes used in this study were commercially available over the world, and each contained 1 mg of nicotine and 12 mg of tar. During exposure, the oxygen concentration in the atmosphere of incubator was around 19%. After CS exposure, these larvae (about 0.4 ml volume of larvae/bottle) were then kept at 25°C on instant medium until the individuals reached adulthood. After eclosion, the number of adult flies was counted to determine survival, and mutant spots on individual wings were scored under a microscope. To avoid potentially confounding sex differences, only female flies were scored; urate-null female flies (homozygote; ma-l/ma-l) were from the cross between y v ma-l; mwh and y v ma-l males; urate-positive female flies (heterozygote; ma-l/+) were from crosses between y v ma-l; mwh and Oregon-R. The mutagenicity of paraquat was examined following treatment of larvae (about 0.4 ml) for 12 h with 10 or 20 mM paraquat in 0.25 M sucrose. Statistical analysis with the wing spot test was performed according to Frei and Würgler (19) and Kastenbaoum and Bowman (20) .
Measurement of uric acid
HPLC was performed as described previously to measure the uric acid content in each sample of fly body fluids (7, 10) . About 10 adult Figure 1 . The apparatus used to expose larvae to cigarette smoke (CS). Larvae in a plastic box covered with nylon mesh were exposed to CS for 2, 4 or 6 h in the incubator, which was kept at 25°C.
flies were used in each assay to measure the uric acid content after classification as urate-null male, urate-null female or urate-positive female. Mutant flies (ma-l/Y males or ma-l/ma-l females) had trace amount of uric acid and high levels of two precursors; in contrast, the amount of uric acid in heterozygous females (ma-l/+) was at a similar level to that in Oregon-R flies ( Table 1) .
Detection of ROS in larvae exposed to CS
To investigate the production of ROS in larvae exposed to CS, we observed fluorescence produced by conversion of H 2 DCFDA (SigmaAldrich, MO) to DCF by oxidation in larval cells. After third instar larvae (y v ma-l) were preincubated with 0.67 mM H 2 DCFDA for 1 h at 20°C, they were exposed to CS for 1 h as described above. Larvae were then washed under running tap water and transferred into Drosophila Ringer solution (0.75% NaCl, 0.35% KCl in distilled water) in a petri-dish (Φ35 mm, IWAKI non-treated dish, Japan) as shown in Figure 3E . Fluorescence was then observed under a stereomicroscope (OLYMPUS, SZ61-GFP, Japan) that was connected to a CCD camera (OLYMPUS DP26, Japan); specimens were examined at 0.67 × 10 magnification.
Results
The new urate-null strain (y v ma-l; mwh) used in the wing-spot assays was sensitive to X-ray irradiation as similar to parent uratenull strain (Figure 2 ). Wing spot test involving this newly developed fly line revealed that spontaneous mutations were higher in the urate-null flies than in urate-positive flies. Expectedly, low doses of paraquat, which is a weed-killer that produces super-oxide anions in plants, were significantly mutagenic in the urate-null flies (in both males and females) ( Table 2 ). These results suggested that the uratenull fly strain developed in our lab was useful for detection of mutagenicity induced by oxidative stress.
To evaluate the mutagenicity of CS, the wing spot test was performed with the new urate-null Drosophila. Third instar larvae were exposed to CS for 0-6 h and were then kept at 25°C until adult flies eclosed. Viability of urate-null flies trended to decline according to CS-exposure period more effectively than that of urate-positive flies in every experiment. When mutant spots on the wings were scored in ma-l/ma-l female flies (urate-null homozygotes) or wildtype ma-l/+ heterozygotes, the number of mutant spots increased for urate-null females in an exposure-time-dependent manner, while that for wild-type females was almost constant across all exposure times (Table 3) . Somatic-cell mutations were detectable in urate-null females that had been subjected to just 2 h of CS exposure as larvae.
The lack of uric acid in ma-l homozygous female or hemizygous male flies was confirmed by measuring contents of uric acid in adult fly body fluid (Table 1) . When we examined whether ROS were produced in CS-exposed larvae, higher fluorescence was observed in urate-null larvae (Figure 3) . These results indicated that exposure to CS was mutagenic in Drosophila larvae and suggested that induced oxidative damage that might be counteracted by uric acid was, at least partly, responsible for the somatic-cell mutations.
Discussion
Both main-and side-stream tobacco smoke is classified by International Agency for Research on Cancer (IARC) as carcinogens for human (21) . The evidence of genotoxicity of tobacco mainstream smoke has been accumulating for the last three decades based on experiments with smoke condensate but not experiments involving smoke as gaseous exposure. In contrast, thus far, there have been few reports on the mutagenic potency of CS, which is equivalent to side-stream tobacco smoke, or on experimental trials examining the mutagenicity of tobacco smoke in gaseous exposure systems (22) . Kim et al. reported that mutation frequencies of the cII transgene in Big Blue mice increased when mice were chronically exposed to secondhand smoke (6) . Using in vivo assays, they demonstrated that mutations occurred in chromosomal genes of mammalian cells, and they evaluated the relationship between lung cancer of nonsmokers To measure the amount of uric acid, approximately 10 adult flies were used for each single measurement. Four independent experiments were performed with F1 flies from the cross between y v ma-l; mwh and Oregon-R or y v ma-l. With y v ma-l; mwh, the value from six independent assays, and with Oregon-R or y v ma-l was an average of two independent assays, respectively. 
Secondhand cigarette smoke is mutagenic
and gene mutation by side-stream tobacco smoke in these mice. Their experiments involved long-term exposure, with exposure times of 1-4 months, and a large apparatus was required to expose mice to side-stream smoke. More recently, a toxicological trial to assess tobacco smoke in a short-term assay with the Ames test was reported (23) . By using Drosophila as a model organism, we could examine the effects of short-term CS exposure in vivo. We previously demonstrated toxicity of CS to larvae that were sensitive to oxidative damage owing to the urate-null phenotype (7, 10) . However, the mutagenic potential of CS in Drosophila could not be detected in the variant version of wing spot test using the high bioactivation cross, moreover, genotoxicity was not detected when DNA repair-deficient strains, including excision repair-deficient and post-replication repair-deficient strains, were used (data were not shown). Mutations could not be detected with the existing urate-null fly strain, y v ma-l, because these flies have no genetic markers that could be used to detect somatic mutations; accordingly, we generated a new fly strain with the urate-null phenotype and a mwh marker that can be used to detect somatic-cell mutations. The selected flies were confirmed to have the required phenotypes, and they exhibited sensitivities Each small single spot consists of one to two mutant cells, and each large single spot consists of three or more mutant cells. +, heterozygous female (ma-l/+); −, homozygous female (ma-l/ma-l).
*P < 0.05; **P < 0.01 significantly different from the corresponding non-treated control.
to X-ray radiation ( Figure 2 ) and CS exposure that were similar to those of the parental y v ma-l strain. The y v ma-l strain used in this study lacked uric acid because xanthine dehydrogenase activity was defective due to a missing cofactor needed at the enzyme active site (16, 24) . The ry gene on the third chromosome of Drosophila encodes xanthine dehydrogenase, and flies with homozygous ry mutations lack uric acid (25) . We reported that a ry mutant strain, ry 1 , was also sensitive to environmental CS exposure (10) . When the wing spot test was performed using third instar larvae from crosses between y v ma-l; mwh females and y v ma-l or Oregon-R males, the number of spontaneous mutant spots increased in urate-null flies at a rate about 2-fold higher than that of uratepositive flies. This elevation might have been caused by intrinsic oxidative damage due to the lack of uric acid, an antioxidant, in the fly larva. As shown in Table 3 , mutation rates were positively correlated with CS-exposure period in urate-null females, while the numbers of mutant spot in urate-positive females were almost constant regardless of exposure time (0-6 h). Antioxidant activity of uric acid is well documented, and uric acid reacts with ROS such as hydroxy radicals, super oxide anions, nitric oxide and peroxinitrite (26, 27) . Recently, Itahana et al. reported that the expression of a uric acid transporter is directly regulated by tumour suppressor p53 to prevent ROS-induced damage (28) . CS contains many compounds that can produce free radicals and ROS (29) , and evidence that CS induces oxidative stress is accumulating. Based on in vitro and in vivo assays, CS exposure induces 8-oxodeoxyguanosine (8-oxodG) formation in DNA (30, 31) . Thaiparambil et al. (32) showed that 8-oxodG in mouse lung increased following exposure to side-stream CS over 10 days in a time-dependent manner. Recently, Yamamoto et al. showed that following treatment with CS extract, the DNA strand breaks and chromosomal aberrations accumulated in the peripheral blood lymphocytes of mutant mice (Ogg1−/− Myh−/−) that have faulty repairs of oxidative DNA damage. They also reported that peripheral glutathione levels in these mice changed during exposure to side-stream tobacco smoke for 1 week (33) . Increases in 8-oxodG are not evident in Drosophila DNA following exposure to CS (6); moreover, increases in 8-oxodG are not evident in Drosophila following X-ray radiation (34); nevertheless, X-ray radiation is widely considered to produce ROS. We consider that Drosophila might repair 8-oxodG very efficiently or have some undiscovered means of preventing 8-oxodG formation. Our current findings indicated that uric acid seems to protect Drosophila larvae from oxidative stress Figure 3 . Reactive oxygen species (ROS) production following exposure to cigarette smoke (CS). Third instar larvae were incubated with fluorescent probe (2′,7′-dichlorofluorescin diacetate) for 1 h, and then washed and separated to two groups. One group was exposed to CS for 1 h; the other group was not. Then, larvae were washed, and fluorescence was observed under a stereomicroscope (magnified by 0.67 × 10, exposed for 4 s). (A) y v ma-l exposed to CS; (B) y v ma-l without CS exposure; (C) Oregon-R exposed to CS; (D) Oregon-R without CS exposure; (E) larvae in petri-dish, y v ma-l is on the left; Oregon-R is on the right.
induced by CS. To our knowledge, this study provides the first evidence that short term-exposure to CS caused somatic-cell mutations, which might be caused partly by oxidative stress. This estimation seems to be supported by our observation that ROS might be produced in larvae by exposure to CS using fluorescence probe.
Drosophila ma-l mutant flies are defective in xanthine dehydrogenase activity because the dehydrogenase cannot interact with an essential cofactor, molybdeno; specifically, wild-type ma-l is essential for the Mo-molybdopterin cofactor sulfurase activity that is necessary to produce functional xanthine dehydrogenase (16) . Therefore, in ma-l mutant flies, xanthine dehydrogenase and any other molybdeno-dependent enzymes (e.g. aldehyde oxidase or pyridoxal oxidase) are deficient. The combination of these enzymatic deficiencies might cause the elevated sensitivity to oxidative stress. In patients with coronary artery disease, levels of allantoin, a non-enzymatic oxidation product of uric acid, is elevated (35) . More investigations are necessary to determine whether allantoin is produced in Drosophila larvae after exposure to CS and what type of oxidative stress induced the damage that led to the somatic-cell mutations detected via the wing spot test.
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